Here we present how processing (solvent casting or isothermal crystallization) impacts crystallinity of 14 poly(lactic acid) (PLA) and its nanocomposites (PLA/1wt% cellulose nanofibers (CNF), PLA/1wt% nanoclay 15 (C30B) or PLA/1wt% CNF/1wt% C30B. Polarized optical microscopy demonstrated a heterogeneneous 16 nucleation process during isothermal crystallization leading to smaller homogeneously distributed spherulites. 17
INTRODUCTION

26
The extensive use of non-renewable resources is a well-known and serious global issue. Petroleum reserves are 27 continually being depleted and since most plastics made from these reserves are non-biodegradable, their 28 disposal is a problem. In this context, substituting petroleum-based plastics with bio-based and biodegradable 29 alternatives is an attractive proposition for sustainable development. Nevertheless, bio-based polymers such as 30 poly (lactic acid) (PLA) still suffer from practical drawbacks such as brittleness, poor thermomechanical 31 properties, and slow crystallization leading to longer processing times and modest gas barrier properties 1, 2 when 32 compared to currently used petrochemical-derived plastics. Consequently, considerable efforts have been 33 focused towards improving the properties of bio-based polymers in general, and PLA in particular. These 34 include the reinforcement of PLA with different types of nanoparticles such as nanocellulose 3 , nanoclay 4 , or a 35 combination of both 5, 6 . 36 37 Briefly, PLA is a biodegradable, thermoplastic aliphatic polyester obtained from the ring-opening 38 polymerization of lactide 7 , which is produced from the dehydration of lactic acid obtained from different 39 2 renewable resources. Nanoclays are composed of several layers of inorganic platelets stacked on top of each 40 other, with platelet diameters in the range of 100 to 1000 nm and thickness <1 nm. In this study, commercially 41 available, organically modified clay (Cloisite ® 30B abbreviated to C30B) was used. In this clay the platelets are 42 surface modified with hydrophobic bis (2-hydroxy-ethyl)-methyl tallow alkyl ammonium cations 8 . Cellulose 43 nanofibers (CNF) have lengths close to or in the microscale and diameters in the nanoscale. CNF typically 44 exhibit hydroxyl (or carboxylate 9 ) groups on the nanofiber surfaces, but the CNF used in this work was partially 45 acetylated during the CNF extraction procedure, presenting a small amount of acetyl groups on the surface 46 (degree of substitution or DS ~ 10%) and slightly decreasing the hydrophilic character of the CNF 10 . 47 48 In our previous studies 2 , it was found that the incorporation of 1% CNF in solvent-cast PLA led to a reduction of 49 63% in Oxygen Transmission Rate (OTR), whereas with the equivalent composite containing 1% C30B only a 50 26% decrease was observed. Nanoclay has a higher surface-to-volume ratio than CNF, where a fully exfoliated 51 platelet of dimensions 400 x 300 x 1 nm 11 has an approximate surface to volume ratio of 2x10 9 m -1 , while fibers 52 of 25 nm diameter and 650 nm length exhibit only a surface to volume ratio of 1.6x10 8 m -1 . Platelet-shaped 53 morphologies therefore have 12.5 times higher surface-to-volume ratio, and would therefore be expected to 54 improve the barrier properties more efficiently than the CNF. However, the CNF-based composites were 55
showing better barrier properties than C30B. Considering this factor, it would be reasonable to suggest that part 56 of the improvement in barrier properties for CNF composites, could be due to crystallinity effects originating 57 from the fibers that is not happening on the C30B. Crystallinity is well known to have a positive impact on 58
properties of materials such as gas barrier 12, 13 or mechanical properties [14] [15] [16] [17] [18] . The crystallization properties of 59 PLA 14, 19, 20 and PLA-based nanocomposites, such as PLA/CNF 18 , PLA/C30B
13
, and even PLA/based 60 composites with banana fibers and clay 21 have been the subject of earlier studies. Differential scanning 61 calorimetry (DSC) has revealed that both CNF-and C30B-containing PLA composites show a similar degree of 62 crystallinity, while still exhibiting significantly different barrier properties. Therefore, this study was conducted 63 to investigate the differences in crystallinity and morphology induced by the different types of reinforcing 64 agents. 65
66
Crystallinity is a broad topic that, especially in composite literature, has typically been described using only the 67 degree of crystallinity, albeit other crystallinity-related parameters, such as polymorphism and the rigid 68 amorphous fraction (RAF) could affect polymer properties. Crystalline PLA exhibits multiple polymorphic 69 phases, namely ,  and andstereocomplex 22 ) and it has been found that the prevailing  form exists as 70 two different polymorphs (ordered and ´ = disordered) which have different chain packing 23 . In addition, 71 it has been widely accepted that the amorphous region of semi-crystalline polymers is itself composed of two 72 fractions-the mobile amorphous fraction (MAF), which shows chain mobility, and the rigid amorphous 73 fraction (RAF), an intermediate confined nanophase 24 . Classically, it has been considered that the RAF is 74 present at the interface between the crystals and the surrounding amorphous phase; however, nanoparticles can 75 also induce a confined nanophase wherein conformational rearrangements may occur, the so-called "cooperative 76 rearrangement region" (CRR) 25 , for this reason some authors distinguish the RAF generated by crystallinity 77 5 amorphous materials were isothermally crystallized for two hours at the corresponding crystallization 159 temperature in an oven to achieve crystallized materials. 160
161
For other measurements including dynamic differential scanning calorimetry (DSC), temperature-modulated 162 differential scanning calorimetry (MDSC), polarized optical microscopy (POM) and X-ray diffraction (XRD), 163 the formation of fully amorphous materials and their isothermal crystallization at specified temperatures was 164 performed in the instruments themselves as described in the corresponding sections. 165 Isothermal crystallization kinetics were evaluated using a TA Instruments DSC Q1000 and the protocol 178 illustrated in Figure 1 . First, any crystallinity in the solvent cast materials dictated by the thermal history of the 179 nanocomposites was erased by heating the samples at 10°C/min up to 200°C (1), maintaining the sample for two 180 mins at 200°C (2), and then cooling at 20°C/min to 0°C (3). Thereafter, the samples were raised to the desired 181 isothermal crystallization temperature (140°C, 120°C, 100°C or 80°C) at 10°C/min (4), and kept for 2 hours at 182 that temperature (5). Finally, the samples were cooled to 0°C at 20°C/min (6) and then heated to 200°C at 183 10°C/min (7). The glass transition, T g , and melting temperature, T m (from the maximum of the melting peak), 184 were determined during this final heating run. No crystallization peaks were observed during any of the cooling 185 cycles indicating that no significant crystallization occurred during this part of the treatment. The advantage of utilizing MDSC over DSC is that heat flow due to crystallization (termed reversible enthalpy) 204 can be separated from that due to melting (termed non-reversible enthalpy), enabling a more accurate 205 determination of the degree of crystallinity. MDSC was performed using a TA Instruments DSC Q1000 and a 206 cycle similar to the protocol described in Figure 1 The mobile amorphous fraction (MAF) and rigid amorphous fraction (RAF) in the nanocomposites were 217 determined by adapting an existing protocol for PLA 35 . Instead of only comparing the heat capacity of a 218 specimen to the heat capacity of neat amorphous PLA (therefore different specimens), accuracy was improved 219 by using the fully amorphous specimen (PLA or its nanocomposites) as reference to evaluate the relative impact 220 of each crystalline morphology in the same treated material. Thereafter, these values were normalized using the 221 heat capacity of PLA and nanocomposites. The reason for this was that PLA and its nanocomposites when in 222 their fully amorphous phase showed different heat capacities due to the presence of nanoparticles affecting the 223 amount of RAF. 224
Characterization
The MAF was therefore determined by means of Eq 2. 225
where Cp PLA is the heat capacity variation of fully amorphous PLA, while Cp MAT is the heat capacity 227
variation of the fully amorphous tested material (which could be PLA or any of its nanocomposites). These 228 values were obtained as described above in Section 2.3.2 by DSC. Cp' is the specific heat change of the 229 specimen (PLA or any of its composites) in a completely amorphous state at its particular T g , while Cp is the 230 specific heat change of the same specimen under test conditions (solvent-cast or isothermal crystallization) at its 231 corresponding T g . In order to acquire an accurate value for Cp, a representative point and a representative slope 232
were considered before and after the T g . From these values two equations were obtained, one that extrapolates 233 the value of Cp before the glass transition and the other, which extrapolates the value after the glass transition. 234
The Cp was calculated as the difference between both values (using the corresponding T g for each crystalline 235 morphology). 236
The RAF was calculated by means of Eq 3: 237
where RAF is the rigid amorphous fraction, MAF the mobile amorphous fraction, X c the degree of crystallinity, 238 and X nano , nanoparticle content (wt%). 239
Finally, the RAF was separated between the RAF NANO (induced by nanoparticles) and RAF CRYST (induced by 240 crystallinity, as has also been done for PLA/nanoclay nanocomposites 36 . First, the RAF NANO was calculated by 241 means of Eq 4 (the heat capacity variation among fully amorphous PLA and fully amorphous composites is due 242 to RAF and nanoparticles) and afterwards the value of RAF CRYST was calculated by means of Eq 5. 243
In Eq 5, Cp PLA is the heat capacity variation of fully amorphous PLA, while Cp MAT is the heat capacity 246
variation of the fully amorphous tested material. 247
Data from isothermal crystallization experiments within the range 10-70% relative crystallinity were fitted to the 248 Avrami kinetic model 37 (Eq 6): 249 ln (-ln(1-Xc)) = ln k + n x ln t (Eq 6) 250 8 251
In Eq 6, X c is the relative degree of crystallinity, k is the overall kinetic constant, n is the Avrami index, and t is 252 crystallization time. The start time (t 0 ) was considered the time at which crystallization was noticeable (therefore 253 right after t delay ). The Avrami indeces are based on two factors (Eq 7), namely the growth directions of the 254 spherulites (n D ), which is a value ranging from 1-3 that is dependent on the growth directions of the spherulites, 255 and the time-dependent crystallization (n N ), which has a value between 0 for instantaneous nucleation and 1 for 256 sporadic nucleation 37 . 257 n = n D + n N (Eq 7) 258 259
XRD 260
Isothermal crystallization was also measured by XRD using a Philips X'Pert Pro diffraction system fitted with 261
an Anton Paar HTK 1200N oven chamber and utilizing a Cu-tube (λ = 1.542 Å) operating at 40 kV and 40 mA. 262 A heating/cooling profile similar to that described in Figure 1 for DSC was used; however, due to cooling 263 restrictions, the samples were only cooled to 50°C instead of 0°C. During the isothermal crystallization stage, 264 diffraction patterns were acquired with a scan range of 10-30 °2θ, step size of 0.067° and acquisition time of 1 265 min. After completion of the isothermal crystallization procedure the samples were cooled to 50°C, at which 266 point an XRD pattern was acquired over the same scan range, but with a smaller step size of 0.017 and longer 267 acquisition time of 10 min to enhance the signal/noise ratio. 268
269
The solvent-cast materials, the amorphous materials (after hot pressing/quenching) and isothermally crystallized 270 materials (hot pressed and crystallized in an oven) were analyzed by the same XRD instrument at room 271 temperature, but without the oven chamber and using scan range of 10-30 °2θ, step size 0.04° and 4 s/step. 272 One of the key parameters for the successful improvement of properties in nanocomposites is to achieve good 282 nanoparticle dispersion. In the present work, PLA was reinforced with two different nanoparticles of different 283 nature (one hydrophilic, CNF, and one hydrophobic, C30B) and thus each behaves differently in the same 284 solvent. It was not possible to find a common solvent/procedure, which led to both particles being well-285 dispersed and possessing suitable film properties. Therefore, to ensure a good dispersion of nanoparticles in the 286 composites and thus allow a fair comparison, the best solvent and processing procedure (the ones that they were 287 leasing to better nanoparticle dispersion) for each nanoparticle was used in each case. For C30B it was found 288 that use of DCM as solvent followed by drying at room temperature led to well-dispersed composites with good 289 film quality, whereas the same procedure applied to CNF led to poorly dispersed composites. After evaluation 290 of different solvents, it was found that DMF was the most suitable solvent for this particular CNF, and that 80°C 291 9 was the best drying temperature. As summarized in Table 1 , all composites were prepared with 1 wt% of 292 nanoparticles, in order to strike a balance between a good dispersion and a significant increase in material 293 performance, while minimizing the chance of clay platelet/nanofiber aggregates being present. 294 The CNF shows a diameter of 27 +/-13 nm and a length of 658 +/-290 nm and is well dispersed in the 296 nanocomposites as reported elsewhere.
10,2 The montmorionite-based C30B in the PLA/C30B and hybrid 297 composites is also well dispersed, near to full-exfoliation 5 and is therefore approximated to have individual 298 layers of 400 x 300 x 1 nm 11 . 299 300
Spherulite morphology and distribution by POM 301
The spherulite morphology and distribution in PLA and PLA nanocomposites prepared by solvent casting, 302 followed by complete isothermal crystallization at 100°C, 120°C and 140°C, were evaluated by POM (see 303
Error! Reference source not found.). First, the differences between solvent casting and isothermal 304 crystallization were investigated. Solvent-cast samples (Figure 2 , first row) of PLA/CNF and PLA/CNF/C30B 305 show micron-sized (around 40 µm) spherulites, while any spherulites present in PLA and PLA/C30B are too 306 small to be observed by POM, though DSC shows a crystallinity of 7 and 32% respectively in these samples. 307
Furthermore, the presence of C30B does not influence the spherulite nature when combined with CNF. Though 308 crystallization has occurred in the CNF-containing samples (34 and 35%, respectively, according to DSC) the 309 spherulites do not cover the whole area. 310
It is clear that spherulite size is not only a result of the type of reinforcing agent, but is also highly dependent on 311 the processing conditions, illustrating that processing temperature is a key factor for spherulite size and 312 distribution. 313 
XRD studies 333
In order to elucidate which crystalline phase is generated by different crystallization procedures, and whether 334 the nanoparticles could induce the formation of one phase over another, XRD patterns were collected. There are 335 two thermally induced phases, (ordered) and ´ (disordered) and it has already been reported that lower 336 processing temperatures tend to favor the creation of the disordered phase position. There is a shift to lower 2~0.2°) when comparing samples crystallized at >100°C with samples 360 crystallized at 80°C, this shift, as mentioned above, has been associated to ´ phase. It can be also seen that the 361 peak at 2~22.5°, corresponding to reflection plane 201, and which is associated with the  phase, is present in 362 the PLA and nanocomposites crystallized at 140°C, 120°C, and 100°C, while it is completely absent in the PLA 363 and nanocomposites crystallized at 80°C. This supports the conclusion that PLA and nanocomposites 364 crystallized at 80°C contain predominantly the ´ phase, while nanocomposites crystallized at higher 365 temperatures predominantly contain the phase. 366
In order to evaluate whether the solvent casting procedure also induces the ´ phase, the XRD patterns ( Figure  367 5) of the solvent-cast (SC) PLA and nanocomposites were compared with those of the respective fully 368 amorphous (AM -obtained from hot pressing at 170°C followed by fast quenching) and fully crystallized (FC 369 (120°C)) -fully amorphous composites that were thereafter crystallized for 120 mins at 120°C in an oven) 370 samples. Note that the XRD patterns in Figures 4 and 5 are not directly comparable because the former were 371 collected during a crystallization monitoring experiment at 50°C (due to cooling restrictions) while the patterns 372 in Figure 5 were collected at room temperature. Although the intensities may differ, the peak positions remain 373 comparable. 374 
381
It is noticed that there is also the same shift to lower 2θ for all of the two main crystallinity peaks for the 382 solvent-cast samples when compared with those crystallized at 120°C which contained mainly the  phase; 383 therefore, it can also be concluded that the solvent-cast samples contained mainly the ´ phase. However, in 384 Figure 5E it can be seen that all of the diffraction traces from the solvent-cast nanocomposite samples, 385 especially the PLA/CNF and PLA/CNF/C30B, also showed a small peak at 2 ~ 22°, which is ascribed to the  386 14 phase. In fact, other researchers 38 have discussed the formation of the -phase in solvent-cast samples even at 387 low temperature, due to an increase on chain mobility arising from the solvent. However, in the present work 388 there is apparently a coexistence of both phases. The -phase is attributed to the solvent casting itself, while the 389 ´-phase is attributed to the drying of the materials after solvent casting, at temperatures below the -phase 390 formation temperature (< 80°C). 391
It is reassuring to note that no crystalline peaks were found for the fully amorphous (AM) quenched composites, 392 but only a broad characteristic amorphous halo, thereby proving that the procedure used to prepare hot-pressed 393 amorphous samples (hot pressing at 170°C for 5 minutes) followed by fast cooling was successful. 394
Evaluation of the impact of nanoparticles on isothermal crystallization kinetics 395 396
The isothermal crystallization kinetics of PLA and its nanocomposites were monitored at 140°C, 120°C, 100°C 397 and 80°C, the results are presented in Table 1 except for PLA at 140°C, since crystallization was not complete, 398
and for all of the samples at 80°C since the rate was too slow to determine. 399 The crystallization rate reach a maximum at 120°C for all samples, and it is evident that the nanocomposites 404 crystallize faster than neat PLA at the investigated temperatures. Among the nanocomposites, PLA/C30B 405 showed faster nucleation than PLA/CNF or PLA/CNF/C30B, which was even more pronounced at 140°C. The 406 better performance of C30B as a nucleating agent compared with CNF could be explained by the fact that clay is 407 more likely to have a higher specific surface area, resulting in an increasing number of nucleation sites. In 408 general, it was also found that t delay (the time between the material reaching the crystallization temperature and 409 onset of the crystallization peak) was proportional to the half-crystallization time. 410
411
In order to retrieve more information regarding crystallization kinetics, data from isothermal crystallization 412 experiments within the range of 10-70% relative crystallinity were fitted to the Avrami kinetic model as 413 described in materials and methods, resulting in the Avrami indeces shown in , which might be 420 attributed to differences in clay dispersion. Notwithstanding this point, the PLA/CNF nanocomposite had 421 constant values regardless of crystallization temperature, which is in agreement with some reports in the 422 literature for low bacterial cellulose content in PLA 43 and for non-modified nanocrystalline cellulose in PLA 44 . 423
Interestingly, it was found that the hybrid nanocomposite PLA/CNF 1%/C30B 1% showed moderate variation 424 in Avrami indices in line with increasing temperature between that of CNF and C30B, thereby suggesting the 425 simultaneous growth of both clay-and nanocellulose-nucleated spherulites. In any case, all of the composites 426 showed no major dissimilarities in values of n suggesting that there is no strong effect from the nanoparticles on 427 the spherulite growing direction. Avrami indeces for the neat PLA (n=1.97 for crystallization at 120°C and 428 n=2.27 for crystallization at 100°C) were not considered because, as can be seen in Error! Reference source 429 not found., after complete crystallization at 120°C, the PLA spherulites reached a diameter of approximately 65 430 µm, while PLA film showed a thickness of 75 µm. Consequently, a spherulite growing in PLA could be affected 431 by the physical dimensions of the film. 432 433
Influence of crystallization temperature and nanoparticles on thermal transitions 434
The effect of the crystallization temperature and the presence of nanoparticles on T g and T m was studied by 435 DSC, and the results are shown in Table 4 . PLA is known to have a very low T g , which limits it performance in 436 some areas such as packaging of microwave-heated food or hot tea-coffee cups among others. Additionally, a 437 large variation on T m will certainly affect the optimal PLA processing temperature in an extruder during 438 thermoforming. This is relevant for PLA, but it is critical for PLA/CNF composites since cellulose and CNF 439 suffer from degradation at high temperature. Therefore, an evaluation of the impact of the nanoparticles and 440 nanoparticle-induced crystallization is fundamental to optimize the performance of the composites. 441 442 Table 4 Thermal properties (T g and T m ) (°C) of the PLA and nanocomposites after full crystallization at 140°C, 120°C, and 443 100°C, solvent-cast and in an amorphous state.
444
PLA PLA/C30B PLA/CNF PLA/CNF/C30B In general, the incorporation of CNF and/or C30B did not have a significant impact on the T g or T m of PLA 448 within the respective isothermally crystallized samples; however, the T m of all of the PLA and nanocomposite 449 samples did increase in line with increased crystallization temperature. For example, when increasing the 450 isothermal crystallization temperature of PLA from 100 to 140°C, the T m increased from 149.4 to 162.3°C, 451 whereas for PLA/CNF 1% it increased from 150.6 to 163.2°C. The reason of this increased melting temperature 452 with increases crystallization temperature is that at high temperatures larger, more stable, lamellae are formed 453 within the spherulites which melt at higher temperatures It can also be seen that all of the isothermally 454 crystallized materials showed higher T g values when compared with the respective amorphous materials, which 455 is attributed to a constriction of the MAF occurring after the material is crystallized. However, this might not be 456 a direct effect of the crystallinity, but is probably due to induced changes on the amorphous region by the 457 
3.6
Crystallinity and mobile/rigid amorphous fraction 466
It is widely accepted that crystallinity plays a very important role in materials properties, which makes 467 crystallinity analysis (usually by DSC) essential for evaluation of the properties of materials and composites. 468
Recently, evaluation of the so-called Rigid Amorphous Fraction (RAF) and its impact on material properties has 469 been receiving additional attention. Apart from reducing the Mobile Amorphous Fraction, (MAF), which are the 470 only "mobile" domains, and therefore essential for the extensibility of the material, it has been speculated that 471 the RAF could be linked to specific material properties. Among other factors, the RAF is suspected of having a 472 larger free volume than the MAF, which would have a significant impact on the sorption properties of the 473 material. Therefore, understanding how crystallization affects those properties could be key to understanding, 474 foreseeing and optimizing material properties. 475
476
The melting enthalpy of 100% -crystalline PLA was considered to be 106 J g -1 , while that of 100%´-477 crystalline PLA was considered to be 25 J g -1 lower at81 and nanocomposites at the T g can be found in the supplementary information (Table S1) . 485 486 Furthermore, the MAF and RAF values of the PLA and its nanocomposites alongside their degrees of 487 crystallinity are summarized in Table 5 . RAF values in Table 4 Regarding the presence of nanoparticles, seemingly both CNF and C30B showed a similar impact on the 504 formation of RAF NANO in amorphous samples (each at 4%), despite the fact that C30B is likely to show a higher 505 specific area than CNF. This is attributed to the presence of the long chain hydrophobic modifier present on the 506 C30B surfaces apparently minimizing the creation of RAF NANO by enhancing compatibility between polymer 507 matrix and nanoparticles. Hybrid CNF/C30B showed an RAF NANO (9%) close to the combination of the 508 RAF NANO induced by the two types of particles individually. A corresponding decrease in MAF is observed 509 when C30B or CNF is added and suggests the nanoparticles are well dispersed and do not interact with each 510 other, since interaction among nanoparticles is likely to decrease the overall surface area of nanoparticles in the 511 polymer matrix and lead to a decreased RAF. 512
The RAF of neat PLA isothermally crystallized at 100°C (23%) and 120°C (22%) is in the higher range of 513 values presented in the literature (12%-22%) 35, 36, 47 . When evaluating the effect of isothermal crystallization 514 temperature on the RAF values for all samples it can be noted that higher crystallization temperature leads to 515 slightly reduced RAF, which is a trend reported in the literature 48 . 516
It is shown that all of the isothermally crystallized and solvent-cast nanocomposites exhibit increased 517 crystallinity and a reduced MAF when compared with the respective neat isothermally crystallized PLA 518 samples. This is considered a result of the smaller spherulite sizes induced in nanocomposites (Figure 2) , 519 allowing for a better packing of the different spherulites within the matrix, which subsequently allowed the 520 formation of more crystalline domains, thus decreasing the MAF. The isothermally crystallized nanocomposites 521
showed an increased RAF CRYS+NANO , compared to neat PLA, which was due to the presence of nanoparticles. 522
When comparing the values of RAF CRYS it can be seen that the nanocomposites have lower values. Furthermore, 523 it can be observed that solvent-cast PLA/C30B 1% shows a much lower amount of RAF (13%) than solvent-cast 524 PLA/CNF 1% (25%) and solvent-cast PLA/CNF 1% (28%). This combined with the fact that the former has a 525 much smaller spherulite size (as shown in Figure 2 -top row) and the extent of crystallinity for all three samples 526 is approximately the same, suggests that spherulite size and RAF are closely related. 527
3.7
Evaluation of the influence of crystalline morphology and nanoparticles on optical transparency 528
The impact of nanoparticles and crystalline morphology on the transparency of films was investigated, and the 529 results are summarized in 
537
When evaluating the impact of crystallization temperature on the transparency of films, it is evident that 538 crystallization at 100°C leads to more transparent materials, although the difference in materials crystallized at 539 120°C is generally small. Surprisingly, crystallization at 140°C dramatically affects the transparency of PLA 540 and CNF-containing nanocomposites, whilst not having such a significant influence on nanocomposites with 541 C30B. Assuming that there is no noticeable change in crystalline morphology among PLA/CNF, PLA/C30B and 542 PLA/CNF/C30B crystallized at 140°C, and also that PLA shows incomplete crystallization at this temperature, 543 this effect is mostly attributed to a temperature-induced internal deformation (i.e. bubbles or irregularities), 544 which can cause light scattering. 545
This observation is interesting, assuming that the decrease in transparency is due to thermal deformation, it is 546 anticipated that composites showing better thermomechanical properties would provide better transparency. 547
Higher thermomechanical resistance leads to less deformed material. However it could be argued that there is an 548 inconsistency with PLA/CNF crystallized at 140°C, material that in our previous work 2 showed better 549 thermomechanical properties than PLA/C30B but still showed reduced transparency without any clear 550 difference in crystalline morphology. However, this can be explained based on the different reinforcing 551 mechanisms of both nanoparticles. Previously we have observed better reinforcing performance of CNF, which 552 was attributed to the establishment of a percolated network of the CNF, which can uphold any stress of the 553 polymer chains. Meanwhile, the higher specific area and higher compatibility of C30B should lead to stronger 554 interfacial bonding between the polymer matrix and the clay (including the aliphatic chains at its surface) and 555
